It has been shown that thin films of the high temperature superconductors (HTS) exhibit a change in their electrical properties when exposed to optical radiation. The motivation for this research is the promise of a fast detector operating at elevated temperatures that is sensitive to low level optical signals and that operates out to the far IR. In order to make a practical detector out of HTS materials, the mechanisms of this response must be fully understood. The purpose of this research is to investigate the spectral, temporal, and thermal characteristics of this response in an effort to better understand the mechanisms involved.
INTRODUCTION
The discovery of the superconducting copper oxides has marked the dawn of a new age of research to exploit the potential of high temperature superconductors (HTS) in the electronics industry. One of the most intriguing of these applications is the use of HTS thin films as broad-band optical radiation detectors, particularly for use in the infrared spectrum. The observation of an optical response in a HTS thin film was first reported by M. Leung, et . al, in studies of the response of granular films of YBa2Cu3O (YBCO) to chopped blackbody radiation.1 They found that the response peaked at a temperature near T, rather than at the point of maximum change in resistance with temperature. They concluded that a thermal response mechanism could not account for the observed temperature dependence and suggested that optical absorption causes phase slips between grains resulting in the observed response.
Several researchers have since investigated the optical response in both granular and epitaxial thin films of HTS, achieving little or no consensus about the mechanisms involved. In studies of granular films of YBCO, J. Wilson, et. al, report the observation of two distinct response mechanisms: a thermal response at temperatures near the critical temperature, and a non-thermal response at low temperatures.2 This non-thermal response is attributed to an intergranular Josephson coupling mode caused by optically induced pair breaking. Conversely, M. Forrester, et. al, studied the response of epitaxial and granular films of YBCO, and observed only a thermal response.3 Furthermore, they claimed that previous reports of non-thermal responses below Tc can be explained in terms of a thermal response mechanism by modelling the film as a series array of Josephson junctions.
DETECTION MECHANISMS IN HTS
There are two fundamentally different manners in which HTS devices might respond to optical radiation, through a thermal or through a non-thermal mechanism. In the thermal response mechanism, radiation falling on the detector element of a HTS device is absorbed causing a rise in the temperature of the detector. The change in voltage across a current-biased device can be expressed as v=( )AT (1) tPresent adress: Santa Barbara Research Center, 75 Coromar Drive, Goleta, CA 93117
The change in temperature of the detector element can be determined from the heat balance equation.
Assuming the incident radiation is a periodic function (i.e., chopped) with frequency f=c/2ir and amplitude 4, the temperature change is
where a is the absorbance of the detector element, x is the thermal conductance of the film/substrate/heat sink combination, and t is the thermal time constant. The voltage responsivity can therefore be written (V (6V ( _____ \ At temperatures slightly above the critical temperature, radiation induced heating can cause a significant change in the resistance of the detector. In the HTS transition-edge bolometer, the detector element is held at a temperature near the transition region, and is current biased. The change in voltage with temperature for this device is ()=Ib() (4) which gives a bolomeiric voltage responsivity of
The bolometric response is thus proportional to the slope of the resistance-versus--temperature curve, but the peak may be shifted slightly by the temperature dependence of the thermal conductivity.
At temperatures below the critical temperature, the radiation induced heating can cause a thermal modulation of the critical current. The critical current through a superconducting sample of HTS is strongly dependent on temperature. Moriwaki, et. a!, have shown that this temperature dependence has the form Ic oc (l-T/T)2.4 The changes in the critical current cause changes in the resistance of the film. To understand this, consider a two-fluid model for the current flowing through a HTS thin film: a supercurrent that passes with no resistance, and a normal-state current that must overcome the resistance of the junction. By current biasing the junction at or near the critical current, a reduction in the critical current gives rise to an increase in the normal current, and therefore to an increase in the voltage drop across the junction. The change in voltage caused by radiation induced heating in this HTS device then is \ (3V \j6J •\ (V \ (6) and the voltage responsivity of this thermal response mechanism is ( )
In the non-thermal response mechanism, photons incident on the detector element interact directly with the superconducting charge carriers, exciting them across the energy gap. This creates a nonequilibrium excess of normal state electrons (quasi-particles) in the superconducting material, and results in a change in voltage across a current biased sample. The change in the number of quasi-particles for each incident photon is equal to twice the quantum efficiency, since two electrons must be excited for each superconducting pair to be broken. The voltage responsivity for a device operating in this mode is (8) where N is the quasi-particle density, i is the quantum efficiency, and ) I hc is the number of interacting photons per watt of incident radiation.
At temperatures above the critical temperature, the response arising from this mechanism will be zero, as there are no superconducting electron pairs to break up. Below Tc, the change in voltage across the device caused by the change in quasi-particle density can be expressed in terms of a change in the superconducting energy gap parameter, , between the normal and superconducting states (there is an attractive interaction between pairs as well as between electrons in a pair, the reduction in pair density reduces the energy gap). Because the critical current is also a function of the energy gap parameter, this response mechanism can be thought of as a critical current reduction caused by a non-equilibrium distribution of pairs and quasi-particles. Therefore,
The temperature dependence of the change in critical current with gap parameter is given by (Joc#.J7:r (10) and the change in gap parameter with quasi-particle density is approximately constant.5'6 The voltage responsivity of this photon response mechanism can therefore be written as ()OC(%J-r:llX) (11)
TESTING HTS THIN FILMS
When attempting to determine which type of response is observed in a HTS device, It is important to consider the differences in the characteristics of the two response mechanisms. The thermal response mechanisms given by equations (5) and (7) involve photon-lattice interactions, resulting in heating and cooling of the detector element. Response times are therefore limited by the thermal time constant to the order of milliseconds, as determined by the thermal properties of the film, substrate and heat sink. In addition, from equation (5), we see that the bolometric response is proportional to the change in resistance with temperature, and will have a maximum value for temperatures near the transition region. In contrast, the response given by equation (7) is not observed until the film is cooled below T, and increases as the temperature decreases. Because the thermal responses are proportional to the amount of absorbed radiant energy, their spectral characteristics are determined by the absorbance of the detector material.
The non-thermal response mechanism of equation (1 1) involves a photon-electron pair interaction, and is limited only by the recombination time of the charge carriers. This recombination time is predicted to be as short as 1010 seconds, making this response mechanism orders of magnitude faster than the thermal response mechanism. Equation (1 1) shows that this response is also expected to increase with decreasing temperature. Finally, a device operating in this non-thermal mode would have a response proportional to the number of incident photons. The response would therefore increase linearly with wavelength up to a cutoff wavelength determined by the energy required to break an electron pair.
HTS samples were characterized in a test facility designed and built by the University of Arizona's Optical Sciences Center.7 A schematic of the test electronics is shown in Figure 1 .The HTS sample under test was mounted in a leadless chip carrier and placed in thermal contact with the cold-stage of a liquid cryogen dewar (figure 2). A LakeShore temperature sensor and controller were used to monitor and regulate the temperature (Ta) of the sample, providing temperature stability of±.005 K for T between 100 and 21 K. Four electrical leads were attached to metal contacts evaporated in a linear arrangement onto the surface of the film. The sample was current biased through the outer two contacts by a low noise current source, while the inner two contacts monitored the voltage drop across the device. Sample resistance versus temperature measurements were made by applying a DC current bias through the sample and recording the temperature and voltage. To suppress any thermal emf, the voltage was measured for both bias polarities and averaged. The IV characteristics were determined in the same fashion. Sample critical temperatures ranged from 35 to 60 K. For response measurements. light from the desired source was chopped with a mechanical chopper, and directed through a KRS-5 window to the sample. A lock-in amplifier, with reference channel tuned to the mechanical chopper frequency, was used to measure the AC voltage drop across the sample. The output signal and noise were measured while varying the parameters of sample temperature, bias current, chopper frequency and source wavelength, to determine the desired response characteristics. 
EXPERIMENTAL RESULTS AND CONCLUSIONS
HTS thin film samples were obtained from outside sources and evaluated in this test facility.
Several of these samples exhibited a response to optical radiation. Figures 3 through 8 show the thermal, spectral and temporal characteristics of the optical response for a typical sample. The response in other samples was similar.
Figures 3 is the resistance versus temperature curve for the HTS thin film, and shows a steep transition to the superconducting state and a critical temperature of about 55 K. Figure 4 shows the IV characteristics for this film at 50 K, and reveals that the critical current is about 4.5 mA. The temperature dependence of the response to 1.5 mW of = 0.63 p.m radiation chopped at 5 Hz for the YBCO sample when biased at 1 mA is shown in figure 5 . A comparison to the temperature dependence of the slope of the resistance versus temperature curve (figure 6) shows that the response peaks at the point of maximum change in resistance with temperature, but does not disappear when the change in resistance goes to zero at 55 K. The temporal and spectral characteristics of the response (figures 7 and 8) were investigated at two temperatures, one near the transition, and one below T. 5 .00. These figures show that at temperatures above the critical temperature, the magnitude of the response followed closely the slope of the resistance versus temperature curve, indicating a bolomtric response in this temperature region. The response times in this temperature region are also indicative of a bolometric response mechanism, with thermal time constants on the order of 0.01 seconds. The observed wavelength dependence of the response agrees with the expected wavelength dependence of the absorption coefficient in equation (5) .
At temperatures below T, the response mechanism described in equations (7) and (1 1) both predict a response that increases with decreasing temperature, while the measured temperature dependence of the response decreases and is barely observed at 40 K in this sample. One explanation for this observation is that the radiation induced heating causes a temperature change of several degrees Kelvin, SP1E Vol. 1484 Growth and Characterization ofMaterials for /nfraredDetectors (1991) 1 79 I I P resulting in a small bolometric response when the sample temperature is held below the critical temperature. The response time of this sample is nearly the same below T as above it, further evidence suggesting that the low temperature response is due to a thermal response mechanism. The wavelength dependence of the low temperature response does not increase linearly, also indicating that the response is not due to a photon response mechanism.
Although the results reported here suggest that a photon response mechanism was not observed in the HTS thin films studied, there is reason for further study. The samples evaluated in this project were obtained from outside sources and tested as received. The samples received were all large area films, typically 0.5 cm square and up to 1 im thick. Tailoring of the samples into microbridges and thinner films could certainly improve the results, and perhaps yield the desired response at temperatures below T. Future research should emphasize the geometry of the sample in an effort to isolate the photon response mechanism and to improve the bolometric response.
In conclusion, an optical response in HTS thin films has been observed at temperatures both above and below the critical temperature. The spectral and temporal characteristics of the response have been characterized in both temperature regions, yielding results that are very similar. This clearly suggests that the response observed at temperatures below the critical temperature arises from a thermal response mechanism, rather than from a photon response mechanism.
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